Nitrate exposure was investigated in a group of 187 people using well water and living in four areas of rural Quebec ( Canada ) with intensive agricultural activities. Nitrate intake was evaluated using a 24 -h dietary recall and a food frequency questionnaire, in conjunction with a validated food database and measurements of nitrate concentrations in private wells. The total internal dose was estimated by means of the 24 -h urinary nitrate excretion, while taking into account risk factors for endogenous nitrate formation. Mean ( geometric ) 24 -h urinary nitrate excretion was 16.9 mg N for the 100 people with low groundwater contamination ( mean nitrate concentration = 0.18 mg N / l ) and 23.3 mg N in the 87 individuals with moderate groundwater contamination ( mean nitrate concentration = 7.1 mg N / l ) . A multivariate analysis revealed that dietary nitrate intake during the last 24 h was the principal source of exposure, followed by water intake during the last 24 h. The Quetelet index was also a significant predictor of urinary excretion. The total predictive model explained only 29% of the variability in urinary nitrate excretion ( R 2 = 0.286 ) . Neither the inflammatory status as indicated by elevated C reactive protein, the presence of Helicobacter pylori antibodies nor the occurrence of diarrhea during the last 24 h prior to urine collection were associated with urinary nitrate excretion. In conclusion, food and to a lesser extent water contribute to nitrate exposure in this rural setting with moderate water contamination. Better predictors of endogenous nitrate production are needed to improve our ability to model nitrate body burden and estimate associated health risks.
Introduction
Groundwater contamination by nitrates (NO 3 À ) is a growing concern, especially in Europe (European Chemical Industry Ecology and Toxicology Center, 1988 ) and North America (National Research Council, 1995 ) . The potential risks associated with the use of nitrate and nitrite (the biologically active form of nitrate ) in food additives such as flavoring and preservative agents have been known for a long time. Although the need to reduce the exposure of the population to nitrate and nitrite is usually recognized, the beneficial effect of these agents on the prevention of botulism offsets their potential side effects (National Research Council, 1981; Jones, 1992 ) . The increasing contamination of groundwater in certain rural areas, due to the intensive use of fertilizers in modern agriculture, has led to a renewed interest in the potential risks associated with nitrate intake (Anonymous, 1988; Boga Ärdi and Kuzelka, 1991; Bouchard et al., 1992; Packham, 1992; Levallois and Phaneuf, 1994 ) .
Methemoglobinemia was the first health risk identified and remains the only one known to occur in humans as a result of nitrate exposure from drinking contaminated water. This condition is caused by nitrite -induced oxidation of hemoglobin into methemoglobin, leading to various symptoms related to hypoxemia and, in severe cases, to death ( Johnson et al., 1987 ) . Methemoglobinemia arising from the consumption of water contaminated with nitrate has been mainly observed in infants who are particularly vulnerable to this disease (Walton, 1951 ; Agency for Toxic Substances and Diseases Registry, 1981; World Health Organization, 1985 ) . While the 10 mg N /l standard may be overprotective ( European Chemical Industry Ecology and Toxicology Center, 1988 ) , it is generally accepted that prudent public health practice should preclude infants from drinking water with nitrate levels above this standard (National Research Council, 1995; Fan and Steinberg, 1996 ) . This recommendation also applies to pregnant women, since reproductive toxicity has been observed following the administration of nitrate and nitrite in high doses to laboratory animals. Furthermore recent epidemiologic data have suggested possible adverse developmental effects after maternal ingestion of these compounds (Fan and Steinberg, 1996) .
For the general adult population, the evidence regarding potential health risks is weak and public health recommendations to limit nitrate intake from water are not straightforward. Firstly, the main potential risk associated with long -term exposure (cancer ) is indirect: it is related to the in vivo transformation of nitrite into N -nitroso compounds, in the presence of amine or amide precursors ( Walker, 1990; Gangolli et al., 1994 ) . Secondly, food is generally the principal source of nitrate intake in adults, especially when nitrate concentration in drinking water is below 20 mg N /l (National Research Council, 1981; European Chemical Industry Ecology and Toxicology Center, 1988; National Research Council, 1995 ) . Thirdly, negative associations have generally been reported in epidemiologic studies evaluating the relation between nitrate intake and several types of cancer ( European Chemical Industry Ecology and Toxicology Center, 1988; National Research Council, 1995 ) . This may be explained by the fact that dietary nitrate intake originates mainly from vegetables that are good sources of antioxidants and other inhibitors of the biotransformation of nitrite into N -nitroso compounds (Bartsh et al., 1988 ) . These nutrients are also recognized as protective against cancer ( Steinmetz and Polter, 1991; Archer, 1996 ) .
Recently Ward et al. (1996 ) reported an association between chronic exposure to nitrate from water ( >4 mg N / l) and the incidence of non-Hodgkin's lymphoma in Nebraska (OR =2.0, 95% CI: 1.1 ±3.6 ). A surprising finding was the absence of risk from a much higher dietary nitrate intake ( > 26 mg N / day) . The authors explained their results by a possible effect of nitrate intake from water drunk between meals, in the absence of protective agents from the diet. However, since nitrates are also produced endogenously ( Hotchkiss, 1989; National Research Council, 1995 ) , and because an important part of water intake probably takes place during or around meal time, it is not clear how such a low nitrate dose from water consumption could by itself induce carcinogenesis.
The objective of the present report was to investigate the different sources of nitrate intake in a rural population using well water potentially contaminated by nitrate. Since the evaluation of nitrate intake from food by available food tables and food questionnaires is considered rather crude ( Chilvers et al., 1984; Peterson, 1995 ) and because an important proportion of the nitrate body burden is generated endogenously, we also assessed factors that may enhance endogenous nitrate production (Hotchkiss, 1989; Gangolli et al., 1994; National Research Council, 1995 ) and evaluated total nitrate exposure using the recommended 24 -h urinary nitrate excretion measurement (Packer et al., 1989 (Packer et al., , 1991 .
Methods
The study area consisted of four rural areas of the province of Quebec ( Canada ) with some intensive agricultural activities. Families using a private well as their source of drinking water were targeted for this study. Since no sample frame was available for well-water users, a telephone survey of 2333 residents (one from each family sampled ) of these areas was carried out during fall 1994. This survey identified 932 residents using a private well as their source of drinking water.
Eligibility was limited to people aged 20 to 74, drinking only tap water and staying home all day, or coming back home for dinner and supper. This last criteria was used to increase our ability to evaluate the impact of regularly drinking water potentially contaminated by nitrate. Among sampled residents, 344 met the criteria of eligibility. Out of these, 119 (34.6% ) accepted to collect their entire 24 -h urine volume and to comply with other study requirements. Ten spouses of respondents meeting the eligibility criteria were also included as participants. Since few of these people were drinking contaminated water and in order to increase the number of subjects with higher exposure, it was decided to extend sampling to high -risk areas. One residence out of four was selected in sectors where at least one well was found with a concentration of nitrate above 7 mg N /l. Among the 351 individuals who were asked to participate in the second recruitment phase, 108 (30.8% ) were found eligible and joined the study. Out of the 237 participants enrolled in both phases, a total of 193 individuals (81.4% ) completed the study evaluation. The questionnaire further revealed that four people were taking on a regular basis medication containing nitrates and therefore they were excluded from the analysis. Furthermore, two individuals with outlier values of urinary nitrate excretion were removed from the analysis.
Each resident was first visited by a research assistant to evaluate water consumption, using a standardized liquid / water frequency questionnaire referring to the consumption during the last month, to explain the procedure for the 24 -h urinary collection and to collect a tap water sample. Fortyeight hours later, food and water consumption of each participant was evaluated by means of a 24-h dietary recall performed by two well-trained nutritionists whose interview protocol had been standardized. Consumption of foods rich in nitrate and nitrite during the last month was also evaluated using a short food frequency questionnaire validated for this purpose ( Howe et al., 1986 ) . Finally, on the same day, a licensed nurse visited participants to gather information on recent illnesses, symptoms during the last 24 h as well as the use of medication. A blood sample was also obtained for Helicobacter pylori antibodies and C reactive protein determinations.
Tap-water samples were kept on ice and transported within 24 h to the laboratory. Nitrate analysis in water samples was carried out by a laboratory certified by the Quebec Ministry of Environment, using the standardized colorimetric method with cadmium reduction (American Public Health Association, American Water Works Association and Water Environment Federation, 1995 ). Internal quality control was secured through daily analyses of blanks, controls and duplicates. Detection limits were 0.01 mg N /l for nitrates and 0.005 mg N /l for nitrites. Variation coefficient was 1.6% and relative bias À 1.07% for the nitrate reference specimen containing 2.5 mg N /l ( n =15). Variation coefficient was 5.6% and relative bias À 0.7% for the nitrite reference specimen containing 0.025 mg N / l ( n= 18) . An interlaboratory control involved the analysis of 30 samples for total nitrate /nitrite by our laboratory and a second one also certified by the Quebec Ministry of Environment, using the same analytical method. Pearson's correlation coefficient between the two measurements was 0.951 ( p< 0.001 ).
Urinary samples were kept refrigerated overnight and on the following morning, their volumes were measured and 60 -ml aliquots were frozen ( À 208C ) until analysis. Urinary nitrates and nitrites were analyzed at the Quebec Toxicology Center laboratory using the standardized method with hydrazine reduction (American Public Health Association, American Water Works Association and Water Environment Federation, 1995 ). Internal quality control was implemented during the study by running blanks, duplicates and fortified samples, once every five samples. Quantification limits were 2.0 mg N /l for nitrates and 0.1 mg N / l for nitrites. Variation coefficient was 11% and relative bias 3.3% for urine samples fortified with nitrate (5 mg N/l; n =42 ). For urine samples fortified with nitrite (0.2 mg N /l; n= 45 ), variation coefficient was 15% and relative bias À 6.0%. Our facility also participated in an interlaboratory control with the laboratory of the Department of Health Risk Analysis and Toxicology from the University of Maastricht (van Maanen et al., 1994 ) . Thirty randomly selected samples were analyzed for total nitrate /nitrite by both laboratories and Pearson's correlation coefficient between the two measurements was 0.976 ( p <0.001 ).
Nitrate and nitrite intakes from food were evaluated using the National Cancer Institute of Canada's food data base (Howe et al., 1986 ) that was built using published values of nitrate and nitrite contents in various foods ( Panalaks et al., 1973; Gray et al., 1979; National Research Council, 1981 ) . Because of the in vivo conversion of nitrate into nitrite, the concentration of nitrite in water or urine was added to that of nitrate. The same procedure was used for the assessment of dietary nitrate intake.
H. pylori antibody determination was performed with GAP IgG enzyme-linked immunoabsorbent assay ( ELI-SA ) of Biorad ( Hercules, CA ). The concentration of the C reactive protein was quantified by turbidimetric serum protein measurements using a Behring turbidimeter ( Behring, USA ) .
All statistical analyses were performed using the Statistical Analysing System PC (SAS -PC ) package 
Results
The mean nitrate concentration of nitrate in tap water for the 187 participants was 1.0 mg N /l, with values ranging from < 0.01 to 28.0 mg N /l. Two groups of people were defined according to the nitrate concentration in their tap water: 3 mg N / l ( low -contamination group ) and > 3 mg N /l ( moderate -contamination group ) . The general characteristics of these two groups are presented in Table 1 and are fairly similar. Prevalence of factors known to induce endogenous formation of nitrates were also compared between these two groups and are presented in Table 2 . Percentages of people with an elevated C reactive protein concentration (!10 mg /l) , with detectable H. pylori antibodies or who had diarrhea during the last 24 h were comparable in the two groups. Nitrate intake from food and water as well as urinary nitrate excretion were then compared between the two groups ( Table 3 ) . Dietary nitrate intakes during the last 24 h were similar in both groups ( approximately 20 mg N ). Nitrate intake from drinking water during the last 24 h was greater in the moderate contamination group than in the low contamination group ( 9.8 vs. 0.3 mg N ). Mean total intakes of nitrate (food and water ) during the last 24 h were respectively 0.35 and 0.46 mg N / kg body weight in the low -and moderate -contamination groups. The mean percentage of total nitrate intake due to drinking water was estimated to be 1% in the low -water-contamination group and 30% in the moderate -water-contamination group. The body burden of nitrate as evaluated by urinary nitrate excretion was significantly greater in the moderatecontamination group than in the low -contamination group ( 23.3 vs. 16.9 mg N /24 h ). Mean ratios of urinary excretion over total nitrate intake were not different between the two groups. The influence on urinary nitrate excretion of various characteristics and risk factors for nitrate endogenous formation was investigated using one-way analyses of variance. Only the Quetelet index was found to be significantly associated with urinary nitrate excretion (Table  4 ) . Since this index was also significantly correlated to urinary nitrate excretion ( r= 0.25, p= 0.001 ), it was considered as a continuous variable in the multivariate analysis. Gender as a risk factor was close to reaching statistical significance (p =0.14 ) and therefore it was also considered in the multivariate analysis. Nitrate intake via water during the last month was highly correlated with nitrate intake via water during the last 24 h (r= 0.98, p =0.0001) and consequently was excluded from the multivariate analysis. Food intake during the last month was kept in the analysis because it was only weakly correlated with food intake during the last 24 h (r= 0.32 ). Results from this analysis showed that only three variables were significant predictors of urinary nitrate excretion ( expressed in log mg N /l) : food intake during the last 24 h ( p <0.0001) , water intake during the last 24 h ( p < 0.0001 ) and the Quetelet index ( p= 0.004 ). Gender was not associated with urinary nitrate excretion in multivariate analyses. The final model ( Table 5 ) explained only 29% of urinary nitrate excretion variance (R 2 = 0.286 ). We verified the validity of the nitrate food intake assessment by focusing on the group of individuals using wells with very low contamination ( nitrate concentration < 0.2 mg N /l) . For the 40 people in this group, the 24 -h urinary nitrate excretion was significantly correlated to food nitrate intake during the last 24 h (r =0.61, p <0.0001 ). The strength of the correlation was lower in subjects using well water with higher nitrate concentrations, i.e., concentration >0.2 mg N/l (r =0.36, p <0.0001 ). Urinary excretion represented 68.7% of the nitrate food intake in the group with very low nitrate groundwater contamination.
Conversely, the correlation of water nitrate intake with urinary excretion was also assessed in the group with low exposure to food nitrate ( < 12.35 mg N / d) . A statistically significant correlation was observed ( r= 0.59, p =0.0001 ). Finally, validity of high nitrate intake during the last 24 h to predict high values of urinary nitrate excretion was studied using categorical values (Table 6) . Nitrate intake via tap water as well as food nitrate intake were poor predictors of urinary nitrate excretion. Food intake was in fact only slightly a better predictor than water intake.
Discussion
This study aimed to assess the total exposure to nitrates and its modulating factors in a sample of people drinking low to moderately contaminated groundwater. Since few wells were found to be contaminated in the study areas, oversampling was conducted in the area showing the greatest contamination, in order to form a group of sufficient size with moderate water contamination. Furthermore, in order to enhance our ability to measure the influence of water intake on the total exposure to nitrate, only people who regularly drank their well water during the day were selected. Therefore, this study assessed, in a worst case scenario, the possible impact of moderate groundwater Table 5 . Predictors of 24 -h urinary nitrate excretion ( log 10 mg N ) in multiple regression analysis ( n = 187 ) . R 2 = 0.286. contamination by nitrates on total nitrate body burden. Furthermore, people participating in our study were staying home all day or eating at home so that their general habits ( nutritional in particular) might be different from those of the general population. Total mean nitrate body burden as measured by the 24 -h urinary excretion was 19.6 mg N ( geometric mean ) in our 187 subjects. A higher value ( 23.3 mg N ) was observed in the presence of a moderate water nitrate contamination, compared to cases with low contamination (16.9 mg N ). These results are in agreement with those of Chilvers et al. ( 1984 ) who found in the UK a mean (arithmetic ) 24 -h urinary nitrate excretion of 19.4 mg N in 170 people drinking water without contamination and 26.6 mg N in 106 people drinking water with moderate contamination ( < 11.3 mg N /l ). However, lower values were recently published by van Maanen et al. (1994 ) who reported a mean ( arithmetic ) 24-h urinary excretion of 10.4 mg N for 21 subjects drinking water without nitrate contamination in Holland. Mirvish et al. reported a mean (arithmetic ) 24 -h urinary nitrate excretion of 14.3 mg N, a value slightly lower than ours, in 21 subjects from Nebraska (USA ) drinking water containing a mean concentration of 2.5 mg N / l ( well below the 10 mg N /l standard ) ( Mirvish et al., 1992 ) . The lower urinary excretion reported in the latter studies might be due to differences in water consumption, other sources of nitrate intake or to different methodologies used in the evaluations.
In our study, food nitrate intake during the last 24 h was estimated at 20.8 mg N (geometric mean ), a value higher than the range of 13.5 ±15.6 mg N reported in the study of Chilvers et al. (1984 ) , but lower than the 36.6 ± 37.5 mg N interval reported in the study of van Maanen et al. (1994 ) . The contribution from food intake was not assessed by Mirvish et al. ( 1992 ) . The discrepancy between these estimations of dietary nitrate intake could be due to different nutritional habits (seasonal, regional, national or even time related ), or to differences between databases on food contamination used in conjunction with data from dietary questionnaires to calculate nitrate intakes. Because the most accurate method to evaluate short -term food intake is the duplicate diet (West and van Staveron, 1991 ) , we also compared our results to those of Mùller et al. ( 1989 ) who used this method to assess nitrate intake in 254 Danish people. The median intake determined from the total duplicate diet (24 h ) in their subjects who drank water without nitrate contamination was 8.4 mg N, a value 50% lower than that reported here. The discrepancy with our results might be due to overestimation by our food table or more probably to differences in nutritional habits between the two populations. Unfortunately, because Mùller assessed urinary excretion of nitrate only during the evening and night, comparisons of their urinary excretion values with ours cannot be effected.
Another way to evaluate the accuracy of our food intake assessment is to correlate food intake with urinary excretion in the group drinking uncontaminated groundwater. This correlation was moderate (r =0.6 ), but similar correlations are generally considered acceptable in the context of nutritional evaluations ( Nelson, 1991 ) . Yet another way to validate our dietary intake assessment is to examine the percentage of the intake recovered in urine during a 24 -h period. Since 65± 70% of a nitrate challenge is usually recovered in urine within 24 h ( Packer et al., 1989; Bartholomew and Hill, 1984 ) , one can anticipate to find roughly the same proportion of food nitrate intake in 24 -h urine samples. In the group without groundwater contamination, 69% of the calculated food intake was recovered in 24 -h urine samples. With regard to the total intake (water plus food ) in our groups with low and moderate exposure to nitrate from water, mean percentages of intake found in urine were respectively 69% and 70%.
The dietary nitrate intake evaluation during the past month was higher than that obtained by the 24 -h dietary recall. This might be due to seasonal change of nutritional habits or more probably to the well -recognized tendency of food frequency questionnaires to overestimate intakes (Thompson et al., 1994 ) . Interestingly, a food nitrate intake assessment was performed using an almost identical food frequency questionnaire in a sample of 246 Canadians enrolled as controls in a case ± control study of stomach cancer (Risch et al., 1985 ) . Results from this study performed in 1979 ±1982 revealed a median nitrate intake of 31 mg N, similar to that in the present study.
Since endogenous nitrate formation could be important in certain specific conditions, namely diarrhea ( Wettig et al., 1991 ) , H. pylori infection (Shapiro and Hotchkiss, 1996 ) , and possibly other inflammatory states (National Research Council, 1995 ) , their effect was evaluated in the present study. Neither had any influence on urinary nitrate excretion, but few participants had diarrhea during the last 24 h ( n= 7 ) and no participant had an acute inflammatory state, as indicated by a concentration of C reactive protein in serum greater than 100 mg /l (Young et al., 1991 ) . The absence of a relationship between H. pylori infection and nitrate body burden was more surprising. The presence of H. pylori antibodies is usually associated with the presence of H. pylori infection in the gastric mucosa (Newel and Stacey, 1992 ) and the production of endogenous nitrate by macrophages in a media infected by H. pylori has been demonstrated during in vitro experiments (Shapiro and Hotchkiss, 1996 ) . Nevertheless, the amount formed during gastric inflammation may be too low to be detected with our study design.
The Quetelet index was a significant factor explaining nitrate body burden variation. This association was previously reported by van den Brandt et al. ( 1989 ) in a group of Harvard students, but no explanation was presented. Since the Quetelet index is associated to lean body mass, this suggests that the metabolism of skeletal muscle cells might be a source of endogenous nitrate but this needs to be studied further.
Drinking moderately contaminated water (geometric mean concentration of 7.1 mg N / l) represented 30% of the total nitrate intake, a value comparable to those reported in other studies. In comparison, Chilvers et al. (1984 ) found that 32% of the total intake was from water in people drinking water with a mean concentration of 5.9 mg N / l. Mùller et al. (1989 ) found that in people drinking water with a mean concentration of 11.3 mg N /l, 70% of their total nitrate intake came from water. However, our results show that it is very difficult to identify highly exposed individuals ( as assessed by urinary nitrate excretion ) based only on water nitrate intake at least in a context of moderate water contamination. Using nitrate intake in water above 9.9 mg N (75th percentile ) as a cut -off to predict a high level of exposure to nitrate, defined as a 24 -h urinary nitrate excretion greater than 27.8 mg N (75th percentile ), we estimated that 58.7% of the people exposed would be classified as unexposed, and 19.1% of unexposed people would be classified as exposed. It is then clear from our results that it will be very difficult to detect an effect of drinking moderately contaminated water if all ingested nitrate, whether from food or water, follow the same metabolic pathways. Ward et al. ( 1996 ) found a relation between nonHodgkin's lymphoma risk and drinking moderately contaminated water, while no association was observed with higher doses of nitrate through food intake. Risk factors for endogenous nitrate production had little impact in our study, but food was the major source of nitrate, especially vegetable consumption that represented nearly 90% of the dietary nitrate intake. Ward et al. ( 1996 ) argued that the formation of N -nitroso compounds would be inhibited only when antioxidants are present in the stomach fluid. They cited to support this affirmation the recent work of Mirvish et al. (1995 ) who demonstrated that vitamin C can inhibit the formation of nitrosoproline only if taken during the period ranging from 2 h before meal to 1 h after meal. Nitrates from water drank outside meals would be transformed to nitrites and N -nitroso compounds to a greater extent than those originating from vegetable consumption. Hence, although exposure to nitrates from drinking moderately contaminated water may be small in comparison with food nitrate intake, the latter may pose a disproportionate carcinogenic risk, through enhanced formation of the reactive N -nitroso compounds at the target organ level. A pharmacokinetic model would then be useful to integrate food and water intake as well as endogenous source of exposure into a common exposure matrix (National Research Council, 1995) . This model would allow the estimation of N -nitroso -compound formation, taking into account the relative input of nitrate from all sources as well as the antioxidants intake matrix (National Research Council, 1995 ) . However, several biochemical parameters need to be defined before this endeavor can be undertaken. The multiple regression model developed in the present study explained only 29% of the variance of urinary nitrate excretion. Since the evaluation of water intake was very precise in this study, the weak predictive value of this model might be due to the imprecise measurement of food intake and the indirect assessment of endogenous sources. Better predictors of endogenous nitrate production would likely improve our ability to model nitrate excretion. Further studies are needed to develop and validate biomarkers of endogenous nitrate production.
Conclusion
This study confirmed that food intake is the major source of nitrate exposure in a rural population. In addition, water intake in areas with moderate contamination of groundwater can contribute significantly to the nitrate body burden. Endogenous formation of nitrate was not quantified per se in this study. Factors known to modulate endogenous synthesis such as infection to H. pylori were not associated with the internal dose of nitrates. Surprisingly the Quetelet index was found to be a significant predictor of urinary excretion. The lack of good predictive value of water and food intakes might be explained by the crude assessment of food intake and by endogenous sources not taken into account directly in the present study. Improvements of epidemiologic studies and risk assessment relative to nitrate exposure through drinking water will necessitate a better understanding of the toxicokinetic behavior of nitrate in humans.
